Group IVA cytosolic phospholipase A 2 (cPLA 2 α) is an 85-kDa enzyme that regulates release of arachidonic acid (AA) from the sn-2 position of membrane phospholipids. It is well established that cPLA 2 α binds zwitterionic lipids such as phosphatidylcholine in a Ca 2+ -dependent manner through its N-terminal C2 domain, which regulates its translocation to cellular membranes. In addition to its role in AA synthesis, it has been shown that cPLA 2 α promotes tubulation and vesiculation of the Golgi and also regulates trafficking of endosomes. Additionally, the isolated C2 domain of cPLA 2 α is able to reconstitute Fc receptor mediated phagocytosis suggesting that C2 domain membrane binding is sufficient for phagosome formation. These reported activities of cPLA 2 α and its C2 domain require changes in membrane structure but to date the ability of the C2 domain to promote changes in membrane shape has not been reported. Here we demonstrate that the C2 domain of cPLA 2 α is able to induce membrane curvature changes to lipid vesicles, giant unilamellar vesicles, and membrane sheets. Biophysical assays combined with mutagenesis of C2 domain residues involved in membrane penetration demonstrate membrane insertion by the C2 domain is required for membrane deformation suggesting that C2 domain induced membrane structural changes may be an important step in signaling pathways mediated by cPLA 2 α.
Introduction
Group IVA cytosolic phospholipase A 2 (cPLA 2 α) is an 85-kDa enzyme, consisting of a Nterminal lipid-binding C2 domain (~ 120 residues) and a C-terminal catalytic or lipase domain (~ 600 residues) that is separated by a flexible linker (1, 2) . cPLA 2 α regulates arachidonic acid release from the sn-2 positions of membrane phospholipids that is used in the synthesis of leukotrienes and prostaglandins in response to inflammatory agonists (3) . cPLA 2 α has also been implicated in a number of pathological conditions including asthma (4), cancers (5), arthritis (6) , cerebral ischemia (7), and heart disease (8) . The general principles governing cPLA 2 α in vitro membrane binding (9, 10) and activation (11) as well as cellular translocation (12, 13) are well established where the C2 domain binds with high affinity to zwitterionic membranes in a Ca 2+ -dependent manner (9) , while the catalytic domain binds to membranes independent of Ca 2+ albeit weakly (14) . This functionality allows the C2 domain to act as a Ca 2+ sensor in cells, which drives the cellular localization to the Golgi, ER, and nuclear membranes (2, 12, 13) .
The C2 domain (~ 120 amino acids) contains three calcium-binding loops (CBL), two of which, CBL1 and 3 harbor hydrophobic and aromatic amino acids (See Fig. 1 ) that promote binding to zwitterionic membranes (9) . Ca 2+ binding induces a dramatic change in electrostatic potential lowering the desolvation penalty associated with membrane insertion (15) and promoting the docking of the C2 domain to the membrane bilayer. This penetration into the membrane has been shown to be significant with a depth of ~ 15 Å (16), which extends extensively into the hydrocarbon region of the membrane. The significant membrane penetration of cPLA 2 α is important for its membrane targeting to zwitterionic membranes and also its ability to produce arachidonic acid (AA). Recently, two anionic lipids, ceramide-1-phosphate (C1P) (17, 18) and PtdIns(4,5)P 2 (19, 20) have been demonstrated to bind and activate cPLA 2 α with emerging roles in the cellular translocation of the enzyme (21, 22) .
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Besides its role in eicosanoid biosynthesis, cPLA 2 α is selectively activated upon Fc receptor (FcR)-mediated phagocytosis in macrophages where it rapidly translocates to the nascent phagosome (23) . Unexpectedly, however, it was shown that membrane binding by the isolated C2 domain of cPLA 2 α was sufficient to induce phagosome formation (23) suggesting that the C2 domain alone has membrane binding activity that regulates phagocytosis. This was further verified with a mutation in the C2 domain, D43N, which abrogates Ca 2+ -binding and could not rescue phagocytosis (23) . cPLA 2 α also plays a role in membrane curvature generation through regulation of aberrant Golgi vesiculation (24) , Golgi tubulation (25) , and vesiculation of cholesterol-rich GPI-anchored, protein-containing endosomes (26). While it is speculated the C2 domain may induce changes to membrane structure (23) , to date, direct evidence is lacking. These recent studies suggest that cPLA 2 α and its C2 domain have membrane remodeling activity that is critical to biological signaling pathways.
Recently, a number of peripheral proteins, mainly attributed to their modular lipid binding domains have been found to induce membrane curvature changes (27) including ENTH (28), BAR (29) , PH (30) , ACCH (31) , and C2 domains (32) . Here, we investigate the ability of the isolated C2 domain of cPLA 2 α to induce changes to lipid structure. A number of imaging assays are employed including electron microscopy (EM) of large unilamellar vesicles (LUVs), imaging of giant unilamellar vesicles (GUVs), and imaging of membrane sheets. In addition, biophysical assays including monolayer penetration analysis and surface plasmon resonance (SPR) were used to correlate membrane penetration and affinity with membrane remodeling activity. Results provide evidence that Ca 2+ -dependent membrane insertion of CBL1 and 3 of the C2 domain drive membrane curvature changes.
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Materials and Methods
Materials
Cloning and Protein Expression
The QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA) was used to introduce mutations into the pET28a vector with a His 6 tag engineered into the Nterminus of the cPLA 2 α C2 domain gene (9) . All mutated constructs were sequenced to ensure presence of the desired mutation. The C2 domain and respective mutations were expressed and purified from E. Coli BL21(DE3) cells as previously described (9) . Protein concentrations were determined by the BCA method and all protein aliquots were stored in 20 mM HEPES, pH 7.4, containing 160 mM KCl,
Electron Microscopy
200 µL of 1 mg/ml POPC LUVs were prepared as previously described (32) . Briefly, the lipids were dried under nitrogen gas and resuspended in 20 mM HEPES, pH 7.4, containing 160 mM KCl and either 100 µM CaCl 2 or 100 µM EGTA. The vesicles were incubated at 37°C and extruded through an 800 nm filter (Avanti Polar Lipids, Alabaster, AL 
Monolayer Penetration
Surface pressure (π) of solution in a circular Teflon trough (2 mL) was measured using a wire probe connected to a Kibron MicroTrough X (Kibron, Inc., Helsinki) as previously described (33) .
Phospholipid solution (2 -8 µL) in hexane/ethanol (9:1 v/v) was spread onto 2 mL of subphase to form a monolayer with a given initial surface pressure (π 0 ). The subphase was stirred continuously at 30 revolutions/min with a small magnetic stir bar. Following stabilization of the surface pressure of the monolayer (~ 5 min), the protein solution (typically 10 µL) was injected into the subphase and the change in surface pressure (Δπ) was measured as a function of time.
Generally, the Δπ value reached a maximum after 20 min. The maximal Δπ value depends upon the protein concentration and reached saturation at [cPLA 2 α-C2 > 1 µg/mL] as previously reported (34) . Protein concentrations in the subphase are maintained above such values to ensure the Δπ represents a maximal value. The Δπ versus π 0 plots were constructed from these measurements to obtain the x-intercept or critical pressure (π c ) defined as the value in which the protein penetrates up to (35) .
SPR Assays
All SPR measurements were performed at 25 °C. A detailed protocol for coating the L1 sensor chip has been described elsewhere (34) . Briefly, after washing the sensor chip surface, 90 µl of POPC vesicles were injected at 5 µl/min to give a response of 6500 resonance units (RU). An uncoated flow channel was used as a control surface. Under our experimental conditions, no binding was detected to this control surface beyond the refractive index change for the C2 domain of cPLA 2 α as previously reported (18, 34 (36) . Each data set was repeated three times to calculate a standard deviation.
Circular Dichroism (CD) Spectroscopy
To ensure the WT and mutant proteins retained a stable structure, CD was utilized to assess the secondary structure of each recombinant protein used in the study. The spectra were taken on a JASCO 815 CD spectrometer scanned from 195-250 nm in a 1 mm quartz spectrophotometer cell (Starna Cells Inc. Atascadero, CA) at 20 °C in 10 mM Hepes, 80 mM KCl, pH 7.4. Each measurement was performed in triplicate and averaged to yield the representative scans shown in Figure S1A . Molar ellipticity was defined according to the JASCO software and was subtracted from a control buffer scan. WT and mutations displayed overlapping spectra consistent with β-sheet structure.
Calcium Binding Assay
To measure the calcium binding capacity of WT cPLA 2 α-C2 and the point mutants the calcium 
Results
Electron Microscopy of Liposome Morphology Changes Induced by the C2 domain
To date electron microscopy (EM) has been used to effectively characterize changes in liposome morphologies induced by ENTH (28), BAR (29), ACCH (31), and C2 domains (32) . To assess the ability of the C2 domain of cPLA 2 α to induce changes to liposome morphologies we used transmission EM (TEM) with negative staining to visualize liposomes before and after incubation with the C2 domain. As shown in Figure 2 , the C2 domain induced dramatic changes in POPC liposome structures as long tubules were extensively visualized through the grids. Moreover, the tubulation of liposomes induced by the C2 domain was Ca 2+ -dependent as experiments performed in the presence of 100 µM EGTA in place of CaCl 2 did not display detectable changes in liposome morphology (Fig. 2) . ENTH, BAR and ACCH domains insert into the hydrocarbon region of the membrane bilayer, which is a prerequisite for their ability to induce membrane curvature changes (31, 37, 38, 39) . To test if hydrophobic and aromatic residues, which typically insert into membranes, were required for liposome morphology changes we prepared mutations of hydrophobic and aromatic residues in calcium binding loops changes and displayed a lack of long thin tubules emanating from liposomes as seen for the WT C2 domain. M38A and M98A, which have been shown to have a lesser effect than F35A, L39A or Y96A on cPLA 2 membrane binding (9) still induced changes in liposome structure albeit to a lesser extent than WT.
Quantification of Membrane Curvature Changes Using GUVs
GUVs have served as an effective platform for monitoring changes to membrane structure as they can be fluorescently labeled, imaged with confocal microscopy and are more easily quantified than EM experiments. GUVs have been effective in monitoring membrane curvature changes for the ENTH domain (37) and viral matrix proteins (40) . In addition, they are All experiments were performed in triplicate and at least 60 GUVs were counted in each experiment and assessed for membrane curvature changes in response to C2 domain binding.
As shown in Figure 3A , WT C2 domain induced vesiculation of GUVs in the presence of Ca 2+ , which was not observed in the presence of 100 µM EGTA. Hydrophobic and aromatic mutations, F35A/L39A and Y96A, which greatly reduce alterations to liposome morphology in the EM assays significantly reduced GUV vesiculation for which their quantitative value was similar to that of the control. M38A and M98A displayed a statistically significant reduction in GUV vesiculation in line with the EM assays, which detected appreciable changes to liposome structure albeit to a lesser extent than WT. To assess the ability of the C2 domain to induce membrane curvature changes we assessed the ability of the C2 domain to induce vesiculation in GUVs at 200 nM WT C2 domain in the presence of 500 nM CaCl 2 . Indeed, under these conditions, which are closer to physiological concentrations of cytoplasmic Ca 2+ the C2 domain induced substantial GUV vesiculation (See Fig. 3C and D) . Lastly, we assessed the ability of full-length cPLA 2 α to induce membrane curvature changes to GUVs at 200 nM protein in the presence of 500 nM CaCl 2 . The full-length enzyme not only induced GUV vesiculation but also prompted extensive tubulation emanating from the GUVs.
C2 Domain Induces Fragmentation of Membrane Sheets
Membrane sheets labeled with fluorescent dye, which represent a relatively flat membrane surface, have been used to image membrane curvature changes for the PH domain of FAPP1 and 2 (30). Here we employed POPC membrane sheets labeled with FM® 2-10 dye to assess the ability of the C2 domain to induce changes to membrane sheet structure.
Membrane sheets were imaged before and after introduction of C2 domain and mutants to observe changes in real-time ( Figure 4A ). In the presence of Ca 2+ the C2 domain induced rapid fragmentation of POPC membrane sheets (Fig. 4A) . The specific nature of this finding was confirmed by adding the same volume of protein storage buffer to ensure that changes in volume did not induce membrane swelling or membrane fragmentation. Additionally, mutations that greatly reduced membrane structural changes in the EM or GUV assays, F35A/L39A and Y96A, also abolished membrane fragmentation of POPC sheets (Fig. 4B ). M98A displayed similar membrane fragmentation as WT C2 but M38A did not induce detectable changes in membrane sheet structure up to 25 min after the addition of protein. Taken together, the C2 domain is able to induce changes to membrane structure for small highly curved membranes (LUVs) as well as less curved and relatively flat membranes (GUVs and membrane sheets).
Membrane Penetration and Lipid Binding Affinity of C2 domain and Mutations
Membrane penetration of C2 domain and mutations into POPC monolayers was detected by injecting protein into the subphase buffer at varying initial surface pressure (π 0 )
values (See Fig. 5A and B) . This allows determination of the critical pressure (π c ), which is the pressure up to which the protein will penetrate (x-intercept) (35 To quantitatively assess the effect of mutations on the ability of the C2 domain to bind POPC vesicles, we performed SPR assays ( Membrane curvature changes induced by lipid binding domains were first appreciated with the discovery of the ENTH domain and its ability to induce changes to liposome structure in a PI(4,5)P 2 -dependent manner (28). The ENTH domain deeply penetrates membranes with a N-terminal amphipathic α-helix and also forms oligomers on the membrane (37), both of which are necessary for effective membrane tubulation. This activity is essential to endocytosis and clathrin coated vesicle formation, which requires substantial changes to plasma membrane structure to form highly curved membrane vesicles (46) . Subsequently, the discovery of the BAR domains of amphiphysin (29) and endophilin (47) lead to the notion that intrinsic curvature from the crescent moon shaped BAR domains is essential to remodeling membranes. This lead to further investigation, which demonstrated that BAR domains form elegant scaffolds on the membrane where mutation of residues that mediate scaffolding abrogates membrane curvature changes (48, 49) . Additionally, as with the ENTH domain some BAR domains have a Nterminal α-helix that can penetrate into the membrane and an insert on the membrane binding interface that inserts and is predicted to be a second amphipathic α-helix (38). The depth and orientation of this penetration may also be important in regulating membrane curvature changes and membrane fission (50) . For instance, it was recently shown that insertion of the amphipathic α-helix drives vesiculation and thus scission by the ENTH domain. In contrast, an antagonistic relationship between the number and length of amphipathic helices in BAR domains was discovered where membrane fission can be restricted by the BAR domains' crescent shape (50) . Taken together, depth and area of insertion as well as inherent protein scaffold shape play a critical role in the type of membrane curvature generated and whether or not membrane fission will proceed.
PH domains (30) and C2 domains (32) have also been shown to induce membrane curvature changes. The FAPP1 and 2 PH domains require insertion of a turret loop adjacent to the PI(4)P binding pocket (42) Here we demonstrate that the C2 domain of cPLA 2 α, long appreciated as a high affinity target for zwitterionic lipids (9) with an ability to deeply penetrate the hydrocarbon core of assessing the generation of lysophospholipids in curvature generation (26). Nonetheless, the prior study demonstrated the C2 domain process is Ca 2+ dependent as D43N, which abrogates calcium binding could not reconstitute phagocytosis. In conjunction with the current study this strongly suggests membrane penetration of the C2 domain is necessary for these effects as calcium is required for membrane penetration of the C2 domain ( Fig. 1C and 5A ) (9) . It is also now well established the cationic β-groove of the C2 domain binds C1P (21), which is important for cPLA 2 α activity (21) and cellular translocation (54) . Additionally, the role of ceramide kinase and its product C1P are key players in phagocytosis (55, 56) . Thus, its been hypothesized that C1P has an important role in recruitment of cPLA 2 α in phagocytosis (57) . To this end it's tempting to speculate that cPLA 2 α may be able to induce reorganization or clustering of membranes harboring C1P.
The surface area of insertion for the C2 domain (58) is more substantial than that of the ENTH (39, 50) and PH domains (59), at least for a monomer, however, this alone may not account for the membrane mediated curvature changes. It was first thought the N-terminal α-helix insertion for ENTH domains and to some degree for BAR domains was the major cause of the membrane curvature induction, however, more recent and sophisticated studies have demonstrated the ability of these proteins to scaffold on the membrane (48, 49) . This scaffolding is essential for both in vitro and cellular observations of membrane curvature changes (48, 49) . Future studies will need to be directed towards resolving the molecular details of C2 oligomerization as well as the role of β-groove C1P binding in membrane curvature changes or membrane reorganization. Additionally, the type of membrane curvature generated by the C2 domain as well as full-length cPLA 2 α will require extensive analysis using a Hydrophobic and aromatic mutations reduced C2 domain membrane fragmentation. Only M98A displayed detectable membrane fragmentation compared to WT, F35A/L39A, M38A, and Y96A.
All membrane sheets were imaged before and after protein incubation. All scale bars = 25 µm. 
